Seasonal changes of the primary and secondary microseisms were analysed in the wavefield of the ambient noise recorded during the entire 2014 at the ''13 BB star'' array located in northern Poland, composed of thirteen, symmetrically arranged, broadband seismic stations. To that, spectral analysis, seismic interferometry, surface scalar wind speed distribution, and beamforming were used. Spectral analysis allowed to observe that a splitting of the secondary microseism peak was present in winter and autumn, and that the primary microseism peak was visible in spring, summer and autumn. Using seismic interferometry, the long-term characteristics of the noise wavefield were recognized. The seasonal variations of the secondary microseism source were described by means of the analysis of the surface scalar wind speed for each month. The splitting of the secondary peak was attributed to the interaction of a strong wind blowing from the North Sea with a weak wind blowing from the Baltic Sea. The seasonal variations of the primary microseism peak were characterized through the frequency-domain beamforming. The peak was identified during spring, summer and autumn, when the generated wavefield was coming from the Baltic Sea. The velocity of the wavefield was evaluated within the 2.0-5.0 km/s range. The described mechanism of generation of the microseisms, based on the interaction of the nearby winds, was found to be consistent with the models reported in the literature.
Introduction
The ambient noise is present everywhere and is detected over a wide frequency band. Anthropogenic sources prevailingly cause the wavefield above 1 Hz (Mcnamara and Buland 2004; Lepore et al. 2016) . In the 0.1-1 Hz range, the noise wavefield is generated by storms and interactions of wind-driven ocean waves travelling in opposite directions in the shallow (e.g. Schulte-Pelkum et al. 2004; Bromirski et al. 2005; Gerstoft and Tanimoto 2007) or deep water (e.g. Stehly et al. 2006; Kedar et al. 2008; Landès et al. 2010; Obrebski et al. 2012; Bromirski et al. 2013) . The produced noise is identified in the literature as the secondary microseism (Longuet-Higgins 1950; Ardhuin et al. 2012; Stutzmann et al. 2012; Bromirski et al. 2005; Gualtieri et al. 2015) . Below 0.1 Hz, the wavefield is mainly dominated by the interaction between ocean waves and the seafloor close to the coastlines. In this case, the generated noise is known as the primary microseism (Hasselmann 1963; Bromirski and Duennebier 2002) . The primary and secondary microseisms are clearly visible in the ambient noise wavefield when large impulsive sources (mostly earthquakes) are absent (Peterson 1993) . The microseisms are distinctly related to atmospheric perturbations and ocean waves: some recent papers linked the pressure variations with the generation of microseisms Juretzek and Hadziioannou 2016; Möllhoff and Bean 2016) , while others modelled several features of the primary and secondary microseisms (Ardhuin et al. 2011 (Ardhuin et al. , 2015 Gualtieri et al. 2013 Gualtieri et al. , 2014 . The accurate observations of the seasonal variations of the Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11600-018-0194-2) contains supplementary material, which is available to authorized users.
microseisms are the key to understand their physical aspects (Schimmel et al. 2011a) .
Seismic interferometry (SI) is used to recognize the long-term characteristics of the ambient noise wavefield. By this technique, new seismic records are created by cross-correlating in time domain the existing ones. Namely, if a record at a random station X is cross-correlated with another one at a station Y, a new record is obtained at Y as generated from a source at X. As for the ambient noise, the Green's function has been demonstrated to be contained, at least partially, in the cross-correlation (CC) between a pair of two distant stations (Shapiro and Campillo 2004; Sabra et al. 2005a; Wapenaar and Fokkema 2006) . Also for diffuse wavefields or isotropic noise source distribution it is possible to retrieve rather well the Green's function from the CC traces (Derode et al. 2003; Roux et al. 2005 ). An efficient retrieval of the Green's function is obtained by summing each CC trace with the consecutive ones and averaged over a long time, assuming the isotropic incidence of noise wavefield between station pairs (Shapiro and Campillo 2004; Sabra et al. 2005b; Campillo 2006) . However, it has been shown recently that the distribution of the noise sources is generally neither isotropic nor stationary due to the presence of directional and temporal variations. Consequently, the empirical Green's function (EGF) is usually retrieved from the CC traces (Stehly et al. 2006; Yang and Ritzwoller 2008; Yao and van der Hilst 2009 ). Afterwards, surface waves can be extracted from the EGF (Halliday and Curtis 2008; Lepore et al. 2016 ) and the group velocity of the surface-wave arrivals can be estimated (Shapiro and Campillo 2004; Lepore et al. 2018) . As in most situations (e.g. Stehly et al. 2006) , the low-frequency band was used for the extraction of the surface waves. More detailed studies on the effects of the variability of the noise wavefield are required at high frequencies (Halliday and Curtis 2008) : indeed, only very recently some papers analysed the generation of the highfrequency ambient noise (e.g. Gal et al. 2015; Gimbert and Tsai 2015; Möllhoff and Bean 2016) .
To identify the spatial and temporal variations of the ambient noise wavefield, array techniques are used: all the corresponding records at each seismic station are joined together according to the frequency-domain beamforming (BF) algorithm (Lacoss et al. 1969; Rost and Thomas 2002; Roux 2009 ). Literature reports that the BF is the most advantageous technique for studying those features of the noise wavefield (e.g. Gerstoft and Tanimoto 2007; Koper et al. 2009 ). Nevertheless, the uncertainty in the source location constituted the main problem in investigating the variations of the noise wavefield: for this reason, most studies facing this difficulty limited the analysis of the source characterization only to the vertical component (Stehly et al. 2006; Yang and Ritzwoller 2008; Ruigrok et al. 2011) . With the aim of going beyond this problem, in the present paper the variations of the noise wavefield were analysed for the Z, N and E components using the BF technique. The result of this analysis was the lowering of unwanted effects, for instance aliasing (Behr et al. 2013) . Accordingly, the changes of the azimuth and the slowness (inverse of the velocity) were identified through the frequency-wavenumber power spectrum associated with the noise wavefield (i.e. beam power) as described by Lepore et al. (2016) . As suggested by Obrebski et al. (2013) and Retailleau et al. (2014) , the reliability of the BF technique was verified by determination of the azimuths for six chosen earthquakes shown in Fig. 1a. (Additional data are given in Online Resource 1.)
The purpose of the present paper is to analyse, by the application of the SI and BF techniques, the seasonal variations of the primary and secondary microseisms generated by the winds blowing from the North Sea and the Baltic Sea and detected in the wavefield related to the ambient noise, recorded during the whole 2014 at the ''13 BB star'' array located in northern Poland (Fig. 1a) . This array, constituted by thirteen stations equipped with broadband seismometers (120-50 Hz), was arranged as shown in Fig. 1b (Grad et al. 2015) . The details of the spatial disposition of the array stations are given in Lepore et al. 2016 . According to the conservation of the energy flux, the average spectral features of the ambient noise can be extracted by calculating the related wavefield at the central station only (Van Tiggelen 2003) . The symmetrical geometry of the array allows to gather the propagation characteristics of the surface waves at low frequencies for any orientation (Grad et al. 2015) . The calculation of the beam power is possible at the very low frequencies, where the wavelengths are comparable to the intra-station distances (20-120 km) of the array (Harmon et al. 2008 ).
Methods
To further explore the primary and secondary microseisms in the ambient noise wavefield, we analysed the recorded data in the frequency and time domains. The detected spectrum for each noise record shows a combination of distant and local sources (e.g. Cessaro 1994) . At frequencies higher than 1 Hz, the spectrum of the noise wavefield is influenced by the sources located very close to the stations; on the other hand, at frequencies lower than 1 Hz, the distant sources are dominant in the spectrograms (Lin et al. 2010 ). For our array, the stations were located in the forest or in the glades, allowing the safe retrieval of the spectral content of the noise wavefield (Grad et al. 2015) . This wavefield is mainly formed by dispersive surface waves since the noise sources are mostly located on the Earth surface. To allow the extraction of surface waves from the wavefield, they are assumed to propagate without losing energy along the path between two stations (Schimmel et al. 2011b ). An accurate knowledge of the spatial and temporal features of the noise wavefield sources is needed to perform a reliable passive seismic monitoring. That means a rather stable wavefield which, however, shows a high variability due to the seasonal distribution of the noise sources (Corela et al. 2017) . Seasonal variations, indeed, are usually present in the spatial distribution of those sources: for example, the changes of the azimuth have significant effects on the direction of the wavefields (Zhan et al. 2013) .
Preprocessing
Before carrying out the evaluation of the ambient noise spectrum and the retrieval of the surface waves from the wavefield, as well as the identification of the variations of the maximum beam power, the continuous noise records were preprocessed for each component, using 0.01 s as data sampling and 0.008-50 Hz as filtering band. At first, the records were cut into windows of 1 h length, from which the seismometer instrumental response, the mean and the linear trends were removed. The undesirable trends were thus eliminated, with the consequent deletion of large distortions that could cause the low-frequency contributions to vanish. Secondly, running-absolute-mean normalization in time domain was employed on each 1-h noise window to remove the effects of huge amplitude events, such as earthquakes, and non-stationary sources. In this way, broadband ambient noise was emphasized by the elimination of all potential effects causing lack of clarity. Thirdly, normalization in frequency domain, founded on spectral whitening, was used in order to reduce the inconsistencies among single-station 1-h windows, conceivably produced by permanent local narrow-band or monochromatic sources (Bensen et al. 2007 ).
Spectral analysis
Once the noise records were preprocessed, spectral analysis was performed for identifying the frequency bands suitable to retrieve the surface waves. Given the random nature of the noise wavefield, only the power spectral density (PSD), namely the standard quantity expressing the noise in the frequency domain, can be evaluated (McNamara and Buland 2004) . With the purpose of obtaining a thorough view of the noise records, we calculated the PSD as a function of time for the Z, N and E components at the central station of the array. According to Ruigrok et al. (2011) and Lepore et al. (2016) , the noise spectrograms were obtained by stacking all the successive PSD curves in time domain for a whole day. Once identified the appropriate frequency band to characterize the primary and secondary microseisms, both were studied for the entire year to show the variations of the PSD amplitude each 5 days along with the seasonal changes.
Seismic interferometry
To extract the surface waves from the noise wavefield using the SI, we calculated the CC between all station pairs along the Z, N and E components for every month of 2014.
For each station pair, 1-h windows were selected from the recorded noise, preprocessed as described and cross-correlated in the 0.1-1 Hz frequency range. The processed 1-h CC traces were then evaluated for an entire day and summed together. Finally, the resulting daily CC traces were stacked for each month (Lepore et al. 2016) . For each trace, we chose the positive-time lag or the negative-time lag to retrieve the EGF based on the analysis of the dominant direction of the noise wavefield. Specifically, the positivetime lag was chosen when the dominant wavefield direction is from the (virtual) source to the receiver (Wapenaar 2006) . Then, the CC traces showing the most proper retrieval of the EGF were selected from the entire collection of the traces; in turn, the group velocity of the surfacewave arrivals was evaluated from the EGF (Romanowicz 2002; Li et al. 2010) . The features of the surface waves extracted from the wavefield were related to the seasonal variations of the secondary microseism.
Beamforming
To identify the variations of the maximum beam power, the correspondent noise records for the Z, N and E components at all the array stations were merged by means of the frequency-domain BF (Li et al. 2007 (Li et al. , 2010 . The beam power was calculated for 1-h noise records of any day, and, then, the results were stacked for each month in an appropriate frequency band (Behr et al. 2013 ). To avoid near-field effects, the minimum frequency f min was set to
where v aver is the average group velocity and k min is the minimum wavelength. To avoid aliasing, the maximum frequency f max was fixed within the period suitable to resolve coherent surface waves (Harmon et al. 2008 )
The residual effects of the aliasing (e.g. the side lobe around 180°) are due to the array response (Grad et al. 2015) . After the selection of the frequency band, the azimuth and the slowness were considered as variables: thus, the maximum beam power was evaluated as a function of the slowness and azimuth of the dominant beam (Ruigrok et al. 2011) . Subsequently, the variations of the maximum beam power were related to the seasonal changes of the primary microseism. To test the reliability of the results, the BF method was employed to calculate the azimuth of the maximum beam power in the 0.05-0.1 Hz band for six selected earthquakes occurred in Europe with a magnitude of 4.5-5.6 and a distance of about 560-1320 km from the central station of the array. (Additional data are given in Online Resource 1.)
Results and discussion
The spectral analysis, the seismic interferometry and the beamforming were applied to the wavefield of the ambient noise recorded at the ''13 BB star'' array during 2014 to analyse the seasonal variations of the primary and secondary microseisms caused by the winds blowing from the North Sea and the Baltic Sea.
Variations of the primary and secondary microseisms
The variations of the noise wavefield during 2014 are described through the analysis of the PSD curves as a function of time (Figs. 2, 3, 4) . The daily spectrograms obtained by the concatenation of the 1-h consecutive PSD curves, evaluated from the noise wavefield at the A0 station, are shown in the middle of Fig. 2 as frequency vs time plots each 50 days for the Z, N and E components. The 2-50 and 0.03-1 Hz frequency ranges represent the two main bands where the noise persists for the whole year. In the high-frequency range (2-50 Hz), the noise wavefield amplitude is the lowest during winter and autumn, while it is the highest in spring and summer. Surface waves in this frequency band are produced by local noise sources not related to the ocean activity, prevalently anthropogenic and less strong during night-time than day-time (Lepore et al. 2016) . For each day, a remarkable correlation exists between the duration of the strongest noise and the length of the daylight, measurable from the plots of the sun elevation above the horizon, as shown for the same days at the top of Fig. 2 . Moreover, the length of the daylight is shorter in winter and autumn, whereas it is larger in spring and summer. In the low-frequency range (0.03-1 Hz), the surface waves are caused by the interaction of wind-driven ocean waves in shallow or deep water. Two small bands can be observed: the first, coloured in light cyan, goes from 0.03 to * 0.1 Hz; the second, coloured in yellow-green, goes from * 0.1 to 1 Hz. The first band is rather clear during spring and summer and almost absent during autumn and winter. On the contrary, the second band is well visible during the whole year. The different colours highlight the jump present in the PSD between the two bands. To characterize in detail this jump, the curves of the PSD amplitude as a function of the frequency are shown for the Z, N and E components at the bottom of Fig. 2 . In spring and summer, two peaks are observed: the first, within 0.03-0.1 Hz and 10 -12 -10 -13 (m/s)/Hz, corresponds to the primary microseism peak; the second, within 0.1-1 Hz and 10 -10 -10 -12 (m/s)/Hz, corresponds to the secondary microseism peak. The primary microseism peak has a very low amplitude in winter, little higher in autumn, while the highest amplitude is reached in spring and in summer. The secondary microseism peak has the highest amplitude in winter and autumn; at the same time, a splitting into two peaks is observed in the 0.2-0.8 Hz range. In spring and summer, the amplitude is the lowest, and only one peak is observed within the same frequency range.
The variations of the primary and secondary microseisms during the entire 2014 are shown in Fig. 3 by the plots of the PSD amplitude every 5 days as a function of frequency for Z, N and E components at the A0 station. For each of the three plots, the first curve from the bottom (1 January 2014) is in its proper scale, whereas all the other curves are moved up by a Dx shift indicated in the rightbottom corner. The same set of colours (black, cyan, blue, purple, dark blue, fuchsia, red, orange, light green, green) is repeated every ten curves. In the 0.03-0.1 Hz frequency range, significant maxima are observed in several cases (days 21, 26, 61, 76, 81, 101, 131, 136, 146, 151, 166, 186, 201, 206, 226, 236, 246, 261, 266, 281, 311, 321, 326, 341, 355) . The PSD amplitude of the primary microseism peak, commonly observed very close to the oceanic coastlines, ranges between 10 -12 and 10 -15 (m/s)/Hz. In most cases, two maxima are detected in the 0.1-1 Hz frequency range. As reported in the literature (e.g. Burlacu 2011, 2015) , the splitting of the secondary microseism peak implies the simultaneous activation of two wind-driven ocean sources.
To analyse the seasonal changes of the primary and secondary microseisms, five PSD amplitude curves for each season were selected randomly from Fig. 3 for the Z component. These curves, shown in Fig. 4 , are gathered in Fig. 2 Top: sun elevation above horizon each 50 days in 2014; middle: comparison between eight spectrograms evaluated in the same days for Z, N and E components at the central station A0. Three frequency bands are observed in which the noise is continuously present during the whole period, namely 0.03-0.1 Hz (coloured in light cyan), 0.1-1 Hz (yellow-green) and 2-50 Hz (yellow-red). The scale of the power spectral density is in 10 log(m/s)/Hz; bottom: rotated plots of power spectral density amplitude curves versus frequency in the same days for the three components. The power spectral density amplitude is in (m/s)/Hz four different plots for winter, spring, summer and autumn. In winter, we observe that the primary microseism peak has the maximum amplitude of * 10 -13 (m/s)/Hz and the secondary microseism peak is split into two peaks, the first around 0.2 Hz and the second around 0.4 Hz. During spring, the primary peak has the maximum amplitude of * 10 -12 (m/s)/Hz, while the secondary one presents a single peak either around 0.2 Hz or around 0.4 Hz. In summer, the primary peak has the maximum amplitude of * 10 -12 (m/s)/Hz, while the secondary one generally presents a main peak around 0.4 Hz. Only for the day 261 another peak around 0.2 Hz is also detectable for the secondary peak. During autumn, the maximum amplitude of primary microseism peak is a bit higher than 10 -13 (m/s)/ Hz and the splitting of the secondary microseism peak is again evident in the 0.2-0.4 Hz range. The same set of colours (black, cyan, blue, purple, dark blue, fuchsia, red, orange, light green, green) is repeated every ten curves. In the 0.1-1 Hz range, the secondary microseism peak is split in most cases into two peaks. In several cases, the primary microseism peak is observed below 0.1 Hz
Seasonal changes of the secondary microseism investigated by seismic interferometry
The seasonal variations of the secondary microseism during the whole 2014 are described through the study of surface-wave arrivals on the stacked CC traces for each month. According to the literature (Buffoni et al. 2018; Kimman et al. 2012; Schimmel et al. 2017; Ventosa et al. 2017) , only the CC traces along Z component are shown from all the traces calculated along the Z, N and E components.
In Fig. 5 , time-distance plots for the Z component in the 0.1-1 Hz frequency band show a selection of the stacked daily CC traces between all the station pairs of the array, for January, April and September 2014. As described before, only the traces showing the most correct retrieval of the EGF were chosen from the entire collection. Indeed, to avoid the crowding of the traces, some of them pertaining to station pairs with similar interdistances, as well as some others showing low signal-to-noise ratio, were removed. For all the 3 months, the EGF is always retrieved from the positive-time lag of each trace, implying that the source of secondary microseisms is located in the north of the array. The faster surface-wave arrivals are identifiable along the line connecting the points of coordinates * 13 s at * 20 km and * 78 s at * 117 km with an average group velocity of 1.5 km/s, while the slower ones are recognizable along the line connecting the points having coordinates * 20 s at * 20 km and * 117 s at * 117 km with an average group velocity of 1.0 km/s. In January, a month representing the winter season, both the faster and the slower arrivals are observable. In April, standing for the spring season, the faster surface-wave arrivals are well visible, while the slower ones are poorly observable. In September, representing the transition between summer and autumn, both the faster and the slower arrivals are again detectable. The dispersion of the surface waves has been discussed in detail by Lepore et al. (2018) . It must be underlined that the primary microseism was not investigated by the SI because of the very low amplitudes of surface waves at frequencies lower than 0.1 Hz, especially for weak noise sources ).
Sources of noise wavefield for the secondary microseism
To characterize the sources of the noise wavefield for the secondary microseism, the surface scalar wind speed, obtained from NCEP-DOE AMIP-II Reanalysis (Kanamitsu et al. 2002) , is shown for each month of the 2014 in Fig. 6 as a function of latitude and longitude in the same frame of Fig. 1a . The white dot in each of the twelve plots indicates the location of the array, and the scale at the bottom shows the values of the surface scalar wind speed within 0-20 m/s. In winter, a strong wind is detected in the area delimited by 40 W-10E and 40 N-70 N, while a weak wind is identified in the region defined by 10E-40E and 50 N-70 N. The kinetic energy of the strong wind is decreasing from January to March, whereas the energy of the weak wind remains nearly unaltered. According to Lepore et al. (2016) , we observe the interaction between two sources of noise wavefield, namely the strong wind blowing from the North Sea with speed within the 12-20 m/s range and the weak wind blowing from the Baltic Sea with speed in the 2-8 m/s range. During spring and summer, the strong wind blowing from the North Sea has a kinetic energy much lower than that of the weak wind blowing from the Baltic Sea. It means that one source of noise wavefield is mainly present during these two seasons. In autumn, the strong and weak winds are again identified in almost the same areas defined during winter. The kinetic energy of the strong wind is increasing from October to December, whereas the energy of the weak wind remains nearly constant. The interaction between two sources of noise wavefield is again observed as in winter.
Seasonal changes of the primary microseism investigated by beamforming
The seasonal variations of the primary microseism during 2014 are characterized by studying the beam power of the noise wavefield for the Z, N and E components for each month. Before that, the frequency-domain BF technique was validated by the identification of the epicentre azimuths for six selected earthquakes. (Additional data are given in Online Resource 1.) To show the seasonal variations of the primary microseism, the beam power for each month is reported in Fig. 7 for the Z component in the 0.05-0.1 Hz frequency band as a function of azimuth and slowness. (The beamformer results for the N and E components are shown in Online Resource 2.) In each of the twelve plots the beam power is in its own scale to better highlight the dominant beams, whose angular resolution has a maximum value of * 10 o with a weak azimuthal dependence according to the geometry of the array (Koper and Burlacu 2011 . Aliasing due to the array response is still detectable, and notwithstanding the beam power is stacked for each month to avoid such undesired effects. For example, the beamformer results in August and December look similar, even though the dominant beam is located once around 60°and in the other case around 300°. However, the amplitude of the side lobes generated by the aliasing is considerably lower than that of the dominant beam for each month. During winter, the dominant beam moves from 230°(in January) to 355°(in March) and its amplitude decreases progressively. Thus, the wavefield generated by the main source of the noise arrives from the North Sea, far away from the array so that the amplitude of the primary microseism peak is very low. During spring, the dominant beam ranges between 10°and 80°, and the beam-power amplitude first decreases from April to May and then slightly increases from May to June, keeping always higher than that in winter. Hence, the wavefield generated by the main source of the noise comes from the Baltic Sea, very close to the array, thus allowing the detection of the primary microseism peak. During summer, the dominant beam moves between 320°(in September) and 80°(in August). The beam-power amplitude is stronger in July and August than in September: hence, the primary microseism peak is visible when the wavefield generated by the main source is coming from the Baltic Sea. During autumn, the dominant beam ranges between 290°(in December) and 80°(in November). The strongest amplitude is observed in November, meaning that the primary microseism peak is observable when the wavefield To avoid crowding of traces, some of them related to station pairs with similar interdistances, as well as some others having low signal-to-noise ratio, were removed. The thick grey lines are drawn to make easier the recognition of the surface-wave arrivals, whose velocities are reported in the box on the top of the lines Fig. 6 Plots of the spatial distribution of the surface scalar wind speed in m/s from NCEP-DOE AMIP-II Reanalysis database for each month of 2014 in the same frame of Fig 1a. White dots show the location of the ''13 BB star'' array generated by the main source arrives from the Baltic Sea. It is worth to highlight that the beam power for the secondary microseism is not shown since we observed in the beamformer results that for frequencies above 0.1 Hz the aliasing effect became relevant making difficult the identification of the main source (Harmon et al. 2008) . 
Features of the wavefield related to the primary microseism
To define more precisely the direction and to calculate the velocity of the wavefield associated with the primary microseism, azimuth and slowness (inverse of velocity) for the dominant beam were extracted from the beam power evaluated each 5 days during the entire 2014.
The variations of the azimuth are reported in the scatter and histogram plots shown in Fig. 8 for the Z, N and E components. In the scatter plot, the azimuth values are marked by large filled circles. Most of the circles gather into the 30°-90°and 300°-360°ranges: since the highest concentration is in the upper part, the first range is marked in light grey and the second one is highlighted in dark grey. The histogram plots shown in Fig. 8 for the Z, N and E components represent the concentration of the azimuth values (number of counts). In each plot, the division chosen for the round angle is 30°, corresponding to 12 bars. For the Z component, the bars within the 30°-90°and 300°-360°r anges are more pronounced than the others. The distribution of the bars for the N component present three zones of maximum elongation, that is 30°-90°, 240°-300°and 300°-360°. The distribution for the E component displays the longest bars within the ranges 30°-90°and 300°-360°. Collecting all the identified ranges, we confirm what found previously for the azimuth variations using the scatter plots.
The variations of slowness (and velocity) are shown in Fig. 9 each 5 days for the Z, N and E components. It can be immediately seen that the related values are confined within the 2.0-5.0 km/s velocity range. For the Z component, the values range within 2.0-3.8 km/s; for the N component, the lowest value (2.0 km/s) is noticed in January and August, whereas the highest is found in May (4.2-4.8 km/s); for the E component, the values are contained within 2.1-3.9 km/s. Analysing together the three components, two zones are observed where most of the values are gathered: as done for the scatter plots in Fig. 9 , the upper band, containing most of the points, is highlighted in dark grey, while the lower band is marked in light grey. For what concerns the velocity values, they range within 3.1-3.7 km/s in the upper band, whereas they vary within 2.0-2.8 km/s in the lower band. Therefore, the two bands specify the velocity range for the azimuth bands described before. The very large variations in velocity should be related to the calculation of the beam power for the 0.05-0.1 Hz frequency band, not for a specific value of frequency (Ruigrok et al. 2011 ).
Conclusions
The study of the seasonal variations of the primary and secondary microseisms was performed on the ambient noise recorded during the whole 2014 at the ''13 BB star'' array located in northern Poland, by means of spectral analysis, seismic interferometry by cross-correlation, surface scalar wind speed distribution and frequency-domain beamforming.
By applying spectral analysis, the primary and secondary microseisms were recognized in the 0.03-0.1 and 0.1-1 Hz frequency ranges, respectively. The primary microseism peak was well visible in spring and summer, slightly observable in autumn and poorly detectable in winter: its amplitude was relatively low during the whole year. On the contrary, the secondary microseism peak was always well visible: in winter and autumn it was split into two peaks placed in the 0.2-0.4 Hz range.
To outline the seasonal variations of the secondary microseism, the surface-wave arrivals were observed in the empirical Green's function retrieved from the cross-correlation traces obtained by stacking for each month the daily traces calculated for the Z component in the 0.1-1 Hz frequency band. Two sets of surface-wave arrivals were recognized: the faster showed an average group velocity of * 1.5 km/s, while the slower one displayed a velocity of * 1.0 km/s. In winter, both the faster and the slower arrivals were well identified. In spring and summer, the faster arrivals were well visible, while the slower ones were poorly observable. In autumn, both the faster and the slower surface-wave arrivals were again detectable. By analysing the spatial distribution of the surface scalar wind speed within 0-20 m/s for each month from the NCEP-DOE AMIP-II Reanalysis database, two sources of noise wavefield were identified. The stronger wind was located in the North Sea with speed within the range 12-20 m/s, while the weaker wind in the Baltic Sea having speed in the range 2-8 m/s. During autumn and winter, the interaction between the strong and weak winds was observed. During spring and summer, the kinetic energy of the strong wind was much lower than that of the weak wind.
The seasonal variations of the primary microseism were characterized by evaluating the beam power for each month of 2014 in the 0.05-0.1 Hz frequency band for the Z, N and E components. Before the application of the beamforming, the reliability of the method was proved by the evaluation of the epicentre azimuth for six earthquakes in the same frequency band. Only in one case it was observed that the agreement between the azimuth associated with the maximum beam power and the azimuth from known geographic coordinates was not satisfactory: thus, it can be safely concluded that the technique is generally reliable. By analysing the variations of the dominant beam, it was shown that in winter the wavefield generated by the main source of noise was coming from the North Sea, far away from the array, thus making very low the amplitude of the primary microseism peak. For the rest of the year, the wavefield generated by the main source was coming from the Baltic Sea, very close to the array, so as to cause the detection of the primary microseism peak. Evaluating the azimuth of the dominant beam each five days, the two sources of the wavefield were identified within the 30°-90°a nd 300°-360°regions. Calculating the slowness from the maximum beam power in the same days, we found that the average velocity of the wavefield related to the primary microseism was in the 2.2-3.8 km/s range.
To sum up, the mechanism of generation of the primary and secondary microseisms in northern Poland described in this paper is based on the interaction of the nearby winds blowing from the neighbouring seas. This model is consistent with the models generally accepted in the literature concerning the generation of microseisms, while the observed splitting of the secondary microseism peak has been described up to now only by a few authors.
